Metabolomics enables the discovery of small molecules that may serve as candidate biomarkers of pharmacological efficacy or toxicity. Biochemical pathways of human development are likely active in human embryonic stem (hES) cells and derivatives, since they recapitulate organogenesis in vitro. We hypothesized that small molecules could be measured from undifferentiated hES cells and hES cell-derived neural precursors (hNPs) using metabolomics and that these compounds are altered in response to known disruptors of human development. Metabolite profiling was performed in hES cells and hNPs after exposure to valproate, an inducer of neurodevelopmental disorders. Kynurenine, an intermediate in tryptophan metabolism, and other small molecules in glutamate metabolism were significantly upregulated in response to valproate. Thus, for the first time, we have been able to measure and identify small molecules secreted from hES cells and cells derived from hES cells. The hES cell metabolome may thus serve as a source of candidate biomarkers to predict or measure pharmacological efficacy or toxic response.
INTRODUCTION H
UMAN EMBRYONIC STEM (hES) CELLS are pluripotent, self-renewing cells isolated directly from preimplantation human embryos (1) that can differentiate into multiple functional cell types (2) (3) (4) (5) . Thus, hES cells emulate early human development and have the potential to serve as an in vitro model for several human diseases. Despite extensive progress in the field, there have not been any studies to detect the dynamic set of small molecules produced by hES cells, i.e., the hES cell metabolome. Identification of small molecules from hES cells paves the way for novel applications of these cells in biomedical research, such as discovery of candidate biomarkers for pharmaceutical efficacy and toxicity screens or synthesis of stem cell-specific chemicals. A biomarker is a biochemical feature that can be used to predict, diagnose, or measure the progress of disease or toxic response. hES cells are the first research model derived directly from the human embryo, therefore these cells provide a groundbreaking opportunity to identify biomarkers for early human developmental disorders. Small molecules measured by metabolomics, may serve as candidate biomarkers for these disorders. Discovery of small molecules in hES cells also unravels pathways that participate in cellular response to drugs because these metabolites are precursors, intermediates, or end products of orchestrated biochemical circuits.
The cellular metabolome, or the global profile of metabolites, is a product of health or disease/insult states (6) . Metabolomics is particularly sensitive to environmental effects in comparison to other "omics" (7) . Smallmolecule metabolites can be measured by nuclear magnetic resonance (NMR) (8) or mass spectrometry (9) . Mass spectrometry is a standardized and well-established technology for the detection of small molecules. It is more sensitive than NMR, detecting metabolites at significantly lower concentrations (nanomolar versus micromolar concentrations) (10) . Complex mixtures such as urine, plasma, or, in this study, extracellular medium from cells are initially separated by liquid chromatography (LC). Mass spectrometry is performed following LC separation to detect the spectra of small molecules present in biological samples. In this study, we specifically employ electrospray ionization time of flight mass spectrometry (ESI-TOF-MS), which provides highly accurate measurements of the exact mass of small molecules with resolution of 3 ppm (11) . Small molecules such as sugars, organic acids, amino acids and fatty acids participate in functional mechanisms of cellular response to pathological or chemical insult. As a result, these small molecules may serve as candidate biomarkers of disease or toxic response and can be detected in biological fluids (12) .
Abnormal production of metabolites following exposure to pharmaceuticals, dietary deficiencies, or disease may provide a mechanistic insight into these processes. For example, the small molecule N-acetylaspartate (NAA), a neuronal marker, is significantly reduced in motor cortex and corticospinal-tract (CST) brain regions of amyothrophic lateral sclerosis (ALS) patients (13, 14) . The decrease in NAA is associated with neuronal loss in specific brain regions affected by the disease. NAA decrease correlated to clinical indicators of upper motor neuron dysfunction in ALS patients (ALS Functional Rating Scale-Revised, finger and foot tapping, strength testing), suggesting that this small molecule metabolite is related to disease mechanisms (13, 14) . Metabolomics identifies actual metabolites and biochemical pathways that are disturbed in response to an insult rather than a prediction of what could happen. Thus, metabolomics offers a more functional insight into the onset of cellular disorders in comparison to that provided by genomics.
Antiepileptic exposure during the first trimester of pregnancy causes functional damage to the developing embryo and fetus. Exposure to antiepileptic drugs (AED) in utero occurs in 1 of every 250 newborns (15) . Valproate is the most teratogenic but widely adopted antiepileptic. Valproate impairs neuropsychological development as documented in multiple population studies (16, 17) . Valproate exposure in utero during very early development increases the occurrence of spina bifida and neural tube defects (NTDs) in newborns (18) by 10-20 times (for review, see ref. 19 ) and underlies cases of autism and cognitive dysfunction (20) (21) (22) . The basis for the exquisite sensitivity of the early embryo and developing neural tube to AED-induced damage is incompletely understood.
Neurodevelopment is recapitulated in a reproducible and faithful manner by differentiation of hES cells (4, 5) . The neural tube is composed of neuroepithelial, nestin positive neural precursors (NPs) (23) , which proliferate, migrate, and differentiate into neurons, astrocytes, and glia. The duration of neuronal and glial differentiation from hES cells-NPs is similar to lineage allocation in vivo (for review, see ref. 24 ). Thus, detection of small molecules in hES cells and hNPs should indicate potential biochemical mechanisms of AED injury in early human development. These small molecules may predict detrimental effects of novel drugs. Unfortunately, current animal models can only predict human developmental toxicity with ϳ50% accuracy (25) .
Ideally, an understanding of these underlying mechanisms could improve our ability to prevent or repair this damage. Such knowledge might also translate into biomarkers and diagnostic tools to screen for and identify pregnant women at risk and/or their affected offspring. It is often difficult to confirm a suspected neurodevelopmental disorder other than spina bifida (26) , and thus biomarker screens would open access to support services and essential care to improve outcome. A gestational screen might also help to identify and therefore focus treatment interventions on women at high risk for delivery of children with mental disabilities.
This study demonstrates proof of concept for metabolomics as a means to identify small molecules from hES cells and derivative cells from hES cells, such as NPs. A subset of small molecules in the metabolome of three different hES cell lines (H1, H9, and Cy203) and hNPs was significantly altered following exposure to valproate. These small molecules, secreted by undifferentiated hES cells and hNPs, may serve as candidate biomarkers for preclinical safety screening of pharmaceutical compounds or in vivo diagnostics in biofluids. Because small molecule metabolites participate in defined metabolic networks, metabolomics of hES cells and hNPs also revealed biochemical pathways (9) that may be sensitive to developmental disruptors and participate on the ontogenesis of birth defects.
MATERIALS AND METHODS

Culture of hES cells
H1 hES cells (passages 41-46) treated with 22 M of valproate and controls were cultured on six-well plates on Matrigel (BD Scientific) in the absence of feeders. hES cells were maintained in conditioned medium (CM) collected from mouse embryonic fibroblasts (MEFs) CEZAR ET AL.
[80% Dulbecco's modified Eagle medium (DMEM)/F12, Invitrogen, and 20% KNOCKOUT serum replacement, Invitrogen] supplemented with 1 mM L-glutamine (Invitrogen), 1% MEM nonessential amino acids (Invitrogen), and 0.1 mM 2-mercaptoethanol (Sigma). The medium was supplemented with 4 ng/ml human recombinant basic fibroblast growth factor (hrFGF; Invitrogen). hES cells were passaged at ϳ80% confluency, following incubation in 2 mg/ml dispase (Invitrogen) in DMEM/ F12 for 10 min at 37°C. H1 and H9 hES cells (passages 33-34, 56-57, and 58-59) and Cy203 hES cells (Cythera Inc.) treated with 1 mM valproate and controls were cultured under standard conditions described elsewhere (27, 28 respectively) .
Differentiation of hES cells
To differentiate Cy203 hES cells into hNP cells, colonies were manually isolated from MEFs and cut in small pieces, which were then transferred to a T75 flask with hES cell differentiation medium (standard culture medium described above for H1 hES cells with 10% KSR and no FGF-2). Medium was replaced the following day by transferring the floating hES cells aggregates to a new flask. After culturing for a week, the hES cell aggregates formed mature embryoid bodies (EBs; ϳ10 m round clusters with dark centers). EBs were plated on a polyornithine/laminin-coated 10-cm dish in hES cell differentiation medium. The next day, the medium was changed to DMEM/F12 supplemented with 1ϫ ITS and 500 g/ml fibronectin. Medium was changed every other day for a week or until the cells formed rosette-like columnar structures that were isolated manually (Color Plate 1). These structures were then transferred to coated dishes in neural induction medium (DMEM/F12 supplemented with N2 and FGF-2) for 1 week. Elongated single cells were separated from leftover aggregates using nonenzymatic dissociation. After one to two passages, the cells formed a monolayer of homogeneous hNPs (positive for nestin, negative for Sox-1 immunostaining; Color Plate 1). Upon confluence, cells will form neurospheres that can also be isolated from the neuroepithelial precursor cells (positive for Sox-1 immunostaining). At any of these two stages, panneuronal differentiation can be achieved after 3-4 weeks following withdrawal of FGF-2.
Treatment of hES cells with valproate
The activity range of valproate, as determined by human enzymatic assays, varies from 10 to 10,000 M (29) . Therapeutic doses and serum circulating levels for antiepileptic activity in patients are generally achieved at 1 mM (30) . The present study examined if significant changes in hES cell-derived small molecule metabolites could be detected following exposure to low and high doses of valproate. Three treatment regimens were performed for differential metabolomics: H1 hES cells were treated for 24 h with 22 M valproate (Sigma #P4543) followed by collection of supernatant and cell pellets. In the second treatment group (4 days), H1 hES cells were exposed to valproate for 4 days, and supernatant and cell pellets were harvested on day 4. In the third treatment, or extended culture, (EC, 8 days), H1 hES cells received valproate for 4 days followed by culture in standard hES cells medium for an additional 4 days. Cells and supernatant were harvested on day 8. Each treatment had a parallel untreated control group. The same treatment regimen was performed on H1, H9, and Cy203 hES cells using a higher dose of valproate (1 mM), followed by harvesting of cells and supernatant at 24 h, 4 days, and 8 days. hNPs differentiated from Cy203 hES cells (Color Plate 1) were treated with 1 mM valproate for 4 days beginning on day 21 according to same procedures described above.
Liquid chromatography and electrospray ionization time-of-flight mass spectrometry
The supernatant from treated and untreated hES cells at the three time points (24 h, 4 days, and 8 days) as well as aliquots of conditioned medium used in each experiment were stored at Ϫ80°C until preparation for MS analysis. Samples were quenched in 20% acetonitrile and centrifuged through a Millipore 3-kDa Centricon column (Millipore) for 3 h at 4575 ϫ g to remove proteins and large-molecular-weight (Ͼ3-kDa) biomolecules. The flowthrough was retained for analysis because it contains the small molecules free of high-molecular-weight compounds. Each sample had three replicates injected into a 2.1 ϫ 200-mm C18 column run on a 90-min gradient from 5% acetonitrile, 95% water, 0.1% formic acid to 100% acetonitrile, 0.1% formic acid at a flow rate of 40-80 l/min. The flowthrough was introduced into an Agilent 1100 series ESI-TOF, which has a dual electrospray ionization source and lock spray for better than 3 ppm mass accuracy. Data was collected from 50-1,500 m/z range throughout the run. The raw data were loaded into the Mass Hunter program (Agilent) to show retention time and neutral accurate mass features.
MS data analysis
The Mass Hunter (Agilent) software was applied to deconvolute the data and determine the abundance of each mass. Data was extracted from the entire mass spectra using the m/z range of 0-1,500 and the top 2-5 million most abundant mass peaks from each sample were used for data deconvolution. The minimum signal-to-noise ratio was set to 5. The masses with a minimum relative abundance greater than 0.1% were exported from the Mass Hunter software and used for further analysis.
METABOLOMICS IDENTIFICATION OF HES CELLS SMALL MOLECULES
A mass was considered to be the same across LC/ESI-TOF-MS runs using a simple algorithm that first sorts the data by mass and retention time. After sorting, a set of mass features was considered a unique bin or putative small molecule if it had a retention time difference of less than or equal to 3 min and a mass difference less than or equal this weighted formula (0.000011 ϫ mass). The criteria used for the 1 mM valproate-treated hES cells and hNPs was based on a sliding mass scale to compensate for detector efficiency. Because the flow rate increased from 40 l in 22 M to 80 l in 1 mM experiments, a mass was considered equivalent if it was within (0.00001 ϫ mass) when under 175 Da, (0.000007 ϫ mass) when 176 Da-300 Da, and (0.000005 ϫ mass) when over 300 Da with a retention time difference of 1.5 min. If a series of measurements fits this definition, it is considered to be from the same compound within each experiment. If either the mass or the retention time vary by more than the limits listed above, the compound is considered to be a different one and given a different bin description.
Significance was determined by analysis of variance (ANOVA) on the log base 2-transformed abundance values of unique compounds present in treated and untreated medium at each time point. A randomized complete block design was used with the following formula Log 2 (abundance tb ) ϭ treatment t ϩ experiment b ϩ error tb , where treatment corresponds to valproate-treated or untreated cells and experiment corresponds to complete experimental blocks. The residual error was used as the error term in the ANOVA model. Missing data were omitted from the test, changing the degrees of freedom rather than performing missing data inputation. This assumption was made because of the extensive filtering performed by the Mass Hunter software which may miss or filter certain peaks because they are below a certain abundance threshold and not zero. The ANOVA F-test was considered significant if its p value was less than 0.05. Fold changes were calculated using the least squares means for a given time and treatment.
Immunohistochemistry hES cells were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at 25°C. The cells were washed twice for 5 min with KPBS-T and incubated in KPBS-T for 30 min prior to blocking. The cells were blocked for 1 h at 25°C with 1ϫ Sigma (#B6429) Blocking Buffer diluted in KPBS-T. The cells were then incubated with Oct-3/4 (C-10, Santa Cruz mouse monoclonal antibody sc-5279) overnight at 4°C at a 1:100 dilution (2 g/ml) in KPBS-T. Santa Cruz immunoglobulin G 2b (IgG 2b ; sc-3879) was used as a negative control, under the same conditions. After incubation the cells were washed three times with KPBS-T for 5 min at 25°C. The rabbit anti-mouse fluorophore Alexa Flour 488 (A-11059, Molecular Probes) was then added to cell preparations at 1:1,000 (2 g/ml) dilution in KPBS-T for 1 h at 25°C, followed by three washes with KPBS-T for 5 min each. Immunohistochemistry (IHC) for hNP was performed on day 21 with 1:100 antibodies for nestin (Chemicon), as described in previous studies (28) .
Annotation and identification of small molecules
The neutral exact mass and/or empirical chemical formula of each compound, detected by ESI-TOF MS, was queried in public searchable databases, METLIN (http:// metlin.scripps.edu), The Human Metabolome Database (http://www.hmdb.ca), Kyoto Encyclopedia of Genes and Genomes (www.genome.jp/kegg/), and the Biological Magnetic Resonance Bank (http://www.bmrb.wisc.edu/ metabolomics/) for candidate identities. LC-MS-measured mass signals matched small molecules present in the databases if their exact masses were within 10 parts per million (0.00001 ϫ mass). Exact mass measurements and chemical formulae are generally nonambiguous for molecules up to 300 Da, whereas larger molecules may have several elemental formulae (31) . Analytical-grade chemical standards were purchased from Sigma for comparative MS. Aliquots of conditioned medium used in experiments were spiked with 1 mM chemical standards followed by standard LC/ESI-TOF MS, as described above. The neutral exact masses and retention times for standard compounds in spiked conditioned medium were used to re-extract peaks in experimental samples (hES cell supernatant) using the Analyst software (Agilent).
RT-PCR
H1 hES cells treated with 1 mM valproate and untreated controls were harvested at 4 days after treatment and stored at Ϫ80°C prior to RNA isolation using RNeasy (Qiagen). Total RNA (3.5 g) was DNase treated (Promega) for 20 min at 37°C. The cDNA was primed with Oligo(dT) 15 (Promega). Reverse transcription was carried out using 1ϫ Moloney murine leukemia virus (M-MLV) reaction buffer, 0.5 mM dNTPs (Promega), 400 IU M-MLV reverse transcriptase (Promega), and 20 IU RNasin (Promega). The reaction was incubated at 42°C for 2 h and heated to 70°C for 10 min to stop the reaction. Negative control reactions were created under the same conditions, except that the reverse transcriptase was omitted. PCR was performed on 2 l of cDNA using 1ϫ Qiagen Hot Start master mix with the following cycling parametes: 95°C 15 min, followed by 34 cycles of (94°C, 30 GAGAAAGAGTT, reverse AGGAGGCAGTTCCAG-TTTCTTGGA); TDO2, tryptophan 2,3-dioxygenase, NM_005651 (forward ACTCCAGGTTTAGAGCCAC-ATGGA, reverse TCAATGCTCCCTGAAGTGCTCT-GT); AFMID, arylformamidase, NM_001010982 (forward TGTGCTGGTGGTCGTGGAG, reverse CACGT-TGTCCTTCTGGGTCAGATT); TPH1, tryptophan hydroxylase, NM_004179 (forward AGCCCTTTGATCC-CAAGATTACCTGC, reverse GCAGCTCATTCATG-GCACTGGTTA); AADAT, aminoadipate aminotransferase, NM_016228 (forward GGTTTGGCAGAATG-GCATGTTCTT, reverse TGTGCTAATACCTGGAAG-GCCACA); KYNU, kynureninase, NM_001032998 (forward AGCTGGACAAGCGAAGGGTTGTTA, reverse TGAGTTCATGGCCAAACCATCCCA); KMO, kynurenine 3-monooxygenase, NM_003679 (forward ATGCGAGCACATGTCAACTCAAGC, reverse AGT-AGGTAGGTACTGCTGATGGCT); and GAPDH, glyceraldehyde 3-phosphate dehydrogenase, NC_000012 (forward ACAGTCAGCCGCATCTTCTT, reverse GA-CAAGCTTCCCGTTCTCAG).
RESULTS
The pluripotency hES cells marker Oct-4 remained in hES cells treated with valproate
hES cells are highly sensitive to the culture microenvironment (1), which challenges their application in cellbased assays for pharmaceutical screening. H1, H9, and Cy203 hES cells remained pluripotent for multiple passages following 4 days of treatment with low and high doses of valproate (22 M-1 mM) (32) (33) (34) . A concentration of 1 mM is equivalent to the therapeutic range of valproate and serum circulating levels in treated patients (30) . The pluripotency hES cell marker Oct-4 was retained in treated hES cells in a similar manner as untreated controls (Color Plate 2).
Secreted small molecules from hES cells and hNPs are measured by LC/ESI-TOF mass spectrometry
Our analysis detected an average of 3,000 mass features after data deconvolution per LC-MS run (132 individual runs). Complex mixtures were separated by LC prior to ESI-TOF-MS (35) . Metabolic profiling was conducted on extracellular small molecules as opposed to intracellular compounds. Extracellular small molecules were analyzed because our future goal is to examine candidate biomarkers discovered in vitro in biofluids in vivo. Biofluids, such as serum, urine, and cerebrospinal fluid, contain a mixture of extracellular biomolecules. The analysis of intracellular metabolites for biomarker discovery is an alternative approach, but evaluation of these findings in a clinical setting requires more invasive procedures such as tissue biopsies.
Multiple metabolite peaks changed in response to valproate as early as 24 h as compared to untreated controls (Color Plate 3). In all, 3-5% of compounds (22 M and 1 mM valproate, respectively) had statistically significant differences in at least one time point in treated hES cells. Changes as high as 37 fold were measured after valproate treatment, but the mass signals associated with these changes were not measured consistently across experiments.
The identity of several statistically significant metabolites, secreted by both hES cells and hNPs, remains to be determined. This finding is consistent with previous metabolomics studies (6) , where 50% of the measured masses could not be annotated. The lack of comprehensive chemical databases of human metabolites is a major challenge to the relatively novel field of metabolomics. Public databases are available for bioinformatics queries based on exact chemical masses. Nonetheless, the vast majority of small molecules detected by LC/ESI-TOF-MS are not yet catalogued. Therefore, metabolic profiling of hES cells should contribute to the discovery of new chemical compounds. Many metabolites from human development and disease are also likely present in conditioned medium from MEFs due to common metabolic pathways. Rigorous investigation is required to validate candidate biomarkers that are not exclusive to hES cells and are also present in the medium. This can be achieved by modulation of metabolic pathways with receptor ligands or enzyme inhibitors.
Valproate induces significant changes in small molecules in the kynurenine and glutamate pathways in hES cells
An alternative nonprotein tryptophan metabolic pathway, activated during pregnancy and immune response (36) , produces an intermediate metabolite known as kynurenine. The levels of kynurenine increased by 44% (p ϭ 0.004 at 4 days) following 22 M valproate treatment. Kynurenine was detected exclusively in hES cells and absent in conditioned medium. The chemical identity of this peak was confirmed by comparative mass spectrometry in the presence of the chemical standard (Fig. 1) . Glutamate and pyroglutamic acid were also elevated in response to valproate (20% and 27%, respectively), although only pyroglutamic acid exhibited statistically significant changes (p ϭ 0.021 at 4 days; Fig. 1 ). Glutathione, S-adenosyl-homocysteine, and Cys-Gly were detected at very low levels in comparison to other mass signals (data not shown). Small molecules were identified by comparative mass spectra and retention times with conditioned medium spiked with chemical standards at different concentrations (Fig. 1) . We also hypothesized that metabolites in folate and related pathways (37) would change in response to valproate. Folic acid was significantly increased by 16% in the extracellular medium of hES cells treated with valproate (p ϭ 0.022 at 8 days; Fig. 1 ) but not its derivative dihydrofolate. Mammalian cells do not synthesize folic acid, therefore future studies will examine whether valproate interferes with the cellular uptake of folic acid.
Alterations in the kynurenine and glutamate pathways CEZAR ET AL.
COLOR PLATE 3. Metabolic profiling (mass versus retention time) of small molecules detected by ESI-TOF MS at different time points (A-C) in valproate (VPA)-treated hES cells (red) and untreated controls (black). Most mass signals were up-regulated at 4 days after treatment in comparison to 24 h and 8 days (C). (D) Comparative metabolic profiling of hES cells (blue)
and conditioned medium (yellow). 
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were consistent in hES cells treated with 1 mM valproate), where a 16-fold upregulation of pyroglutamic acid was observed (p ϭ 0.01) along with marked changes in other putative metabolites in the kynurenine pathway, such as kynurenic acid (exact mass 189.0426, p ϭ 0.02), and formylkynurenine (exact mass 236.0794, p ϭ 0.0003) in comparison to untreated controls. A putative metabolite is a small molecule whose exact mass, identified under our conditions, matched exact mass measurements and equivalent elemental formulas from databases. Positive fold changes (Ͼ2) in putative metabolites in kynurenine and glutamate pathways were verified in another hES cell line, Cy 203, and in nestin-positive hNPs derived from these cells. These additional experiments suggest that significant changes detected by metabolomics can be reproduced in other hES cell lines. Continued experimentation will allow inferences regarding the statistical significance of the observed fold changes for the Cy203 hES cell line.
Treatment of hES cells and hNPs with 1 mM valproate (Color Plate 5) significantly affected another pathway in comparison to 22 M: ␥-aminobutyric acid (GABA) (Color Plate 4). GABA is synthesized from glutamate as a result of L-glutamic acid decarboxylase activity. GABA signaling is a well-known, established target of antiepileptics, and increases in extracellular concentrations of GABA have been reported upon fetal exposure to valproate (33, 38, 39) . Eight small molecules with identical accurate mass measurements and similar retention times to GABA metabolites were statistically significant in hES cells (p value ϭ 0.0004-0.03) treated with valproate, four of which were also upregulated in hNPs.
Treatment 
Rate-limiting and key enzymes in the kynurenine pathway are expressed in hES cells
Valproate treatment of hES cells induced a marked upregulation in the small molecule kynurenine, which is an intermediate metabolite in the catabolism of tryptophan. Tryptophan is the precursor of the neurotransmitter serotonin (5HT). Thus, we investigated if critical enzymes in the metabolism of tryptophan to kynurenine and its opposite route, serotonin synthesis, were expressed in hES cells. Our preliminary data show that the majority of critical enzymes in the kynurenine pathway and serotonin synthesis are expressed in hES cells at 4 days after treatment with 1 mM valproate and in controls (Fig. 2) . Indoleamine 2,3-dioxygenase (INDO), catabolizes tryptophan into the kynurenine pathway. INDO enzymatic activity produces kynurenine as an end product. The expression of tryptophan 2,3-dioxygenase (TDO or TDO2) was also examined. TDO2, like INDO, is capable of catalyzing the first step in the kynurenine pathway. Following multiple analysis of H1 hES cells treated with 1 mM valproate, our data suggest that TDO2 expression is up-regulated in hES cells treated with valproate in comparison to untreated controls (Fig. 2 ). An association between TDO2 and neurodevelopmental disorders, such as autism, has been proposed (40) . The rate-limiting enzyme in 5HT synthesis, TPH1, is also expressed in hES cells (Fig. 2) , and its expression is upregulated in valproatetreated hES cells in comparison to controls. The expression of these enzymes in hES cells and detection of specific effects of valproate on the transcription of key enzymes such as TDO2 and TPH1 is an initial finding to support the ability of hES cells to recapitulate metabolic pathways of tryptophan catabolism and serotonin synthesis.
DISCUSSION
The identification of small molecules metabolites in hES cells and hNPs enables the investigation of biochemical pathways and metabolic changes induced by valproate during early human development. Contrary to tissue injury in adults, the onset and progress of developmental disorders cannot be monitored clinically due to its development in utero. Importantly, "cognitive genes," which are likely perturbed by valproate (18) (19) (20) , have such diverse neurodevelopmental roles (for review, see ref. 41 ) that establishment of pathways and networks involved in the genesis of neuropsychological disorders have been unsuccessful. Metabolomics of hES cells may be an alternative to current research approaches. Pathway elucidation using cells from human embryos (hES cells) provides unique information on human development because these cells are able to recapitulate differentiation into functional somatic cells.
The small molecule kynurenine was upregulated 44% in hES cells treated with 22 M of valproate. The kynurenine pathway has direct effects on the bioavailability of tryptophan. Tryptophan is the precursor of serotonin, a neurotransmitter that is altered in behavioral and cognitive disorders, which often result from in utero exposure to valproate (18) (19) (20) . Serotonin participates in sensory perception, mood regulation, sleep-wake cycles, sexual arousal, and appetite, among others. Cognitive and behavioral disorders are known adverse effects of antiepileptic exposure during pregnancy (16, 17, 21, 42) . Thus, we propose that kynurenine and its metabolites serve as a candidate biomarkers for developmental toxicity of AED. Strikingly, recent studies suggest that the kynurenine pathway may be a novel target for the mechanism of action of AED (43), which is the primary indication of valproate. It is well established that pharmacological targets may mediate therapeutic effects in adult cells and toxic effects in embryonic cells. On the basis of small molecules findings from the present study, we are currently testing the hypothesis in animal models that an increase in kynurenine during development may affect the bioavailability of tryptophan and, consequentl, serotonin, leading to neurodevelopmental disorders. Our ongoing studies will examine specific effects of valproate on the ability of hES cells to differentiate into neural tube precursors and functional 5HT neurons.
Glutamate and pyroglutamic acid, or hydroxyproline, were also elevated in hES cells and hNPs treated with valproate. Therefore, we suggest that valproate can affect the glutamate biochemical pathway in the developing human embryo. The affinity of AED for glutamate targets has been suggested previously (39) . Disruption of the glutamate biochemical pathway in NTDs, another adverse side effect of valproate, was demonstrated upon analysis of maternal serum and amniotic fluid in spina bifida (8) . The levels of glutamate and pyroglutamic acid were increased in NTDs (8); thus, the hES cell system may serve as a robust model to predict biochemical alterations during early development.
At therapeutic doses (1 mM), valproate produced significant changes in candidate metabolites of GABA in hES cells as well as positive fold changes in hNPs. GABA is synthesized from glutamate, and the effect of valproate on GABA neurophysiology is a well-established mechanism of antiepileptic activity both in vitro and in vivo CEZAR ET AL. (33, 38, 39) . However, the fact that low doses of valproate were sufficient to produce significant changes in metabolite profiles suggests that early human embryonic cells may be highly sensitive to AED in comparison to differentiated somatic cells, which are often used to predict developmental toxicity (for review, see refs. 19 and 39) .
Altogether, the metabolite changes detected in hES cells and hNPs in response to valproate converge functionally toward kynurenine and glutamate pathways. Our findings are in agreement with in vivo studies in rodents, where increased brain levels of glutamate and serotonin metabolites were detected after valproate treatment (44) . Metabolites from the kynurenine pathway modulate activity at N-methyl-D-aspartic acid (NMDA) glutamate receptors (45) . NMDA receptors and its ligand, glutamate, have a critical role in synaptogenesis in the developing brain (46) . Perturbation of the physiology of these metabolic networks by developmental disruptors such as valproate, as suggested here, is a candidate mechanism for structural (NTDs) or functional (cognitive) disorders. Of particular interest is the finding that a small molecule with a mass spectral match to citrulline, a urea metabolite and byproduct of the enzyme nitric oxide synthase (NOS), was specifically upregulated in hNP by 23 fold. Although there are no reports on the specific association of citrulline to neural tube defects, its rate-limiting enzyme, NOS, is essential for neural tube closure (47) . It is possible that citrulline may serve as a candidate biomarker of valproate injury specific to the developing human neural tube upon further investigation.
It remains to be determined whether exposure to valproate alters the ability of hES cells to differentiate into neuroepithelial precursors (5, 28) to model NTDs in vitro. We tested the hypothesis that exposure of hES cells to the developmental disrupter valproate induces significant differences in small-molecule metabolites, which can be measured by metabolomics. Small molecules from hES cells and derivatives are a novel target to elucidate how teratogens, such as valproate, may mediate injury during early human development. Perturbation of ES cell differentiation was not employed as an end point in the present study to assess the embryotoxicity of valproate, as in other comparable studies in the mouse (48, 34, 49) .
The outcomes of valproate on ES cell differentiation are controversial. Valproate inhibits neuronal maturation from ES cell-derived neuronal progenitors (34) . In another study, similar doses of valproate impaired the expression of mesodermal and endodermal-inducing genes while increasing the expression of synaptophysin (Syn), a neural marker (48) . Despite the fact that we did not specifically focus on effects of valproate on hES cells differentiation, some of our findings are in agreement with Murabe et al. (48) . For example, in both our studies, Oct-4 was detected in a high percentage of undifferentiated cells (measured here by IHC as opposed to RT-PCR) after treatment with a high concentration (0.70-1 mM) of valproate.
Metabolomics of hES cells and hNP, does, however, point to key neurobiology pathways as a major target of valproate activity. The annotated small molecules that were statistically significant (GABA, kynurenine, and glutamate derivatives) amongst thousands of mass features, are directly implicated in neurodevelopment. Establishment of a human metabolic phenotype during neurodevelopment may contribute to deciphering and perhaps one day preventing the occurrence of birth defects associated with prenatal AED exposure (37 
CONCLUSIONS
The present study demonstrates proof of concept for hES cell metabolomics as a means to identify small molecules secreted by hES cells. The metabolomics strategy decribed here may serve to: (1) determine biochemical pathways that participate in the ontogenesis of developmental abnormalities and disease and (2) provide an unbiased source of candidate biomarkers for in vitro preclinical safety evaluation of pharmaceuticals such as AEDs.
A new generation of models with greater predictive power of human response is strongly warranted because lack of toxicity in animal models can sometimes lead to catastrophic results (50) . In addition, this approach may detect detrimental effects of environmental (heavy metals, industrial waste products) and nutritional chemicals (alcohol) on human development. The integration of chemical biology with hES cell technology offers groundbreaking opportunities to strengthen our understanding of human development and disease susceptibility.
Because metabolomics is a relatively new "omics" science, many challenges remain in order to consolidate its full potential. Fifty percent or greater of mass features are not annotated in public databases. This limitation markedly delays the association of metabolic phenotypes to biological response. Deciphering chemical structures to identify small molecules is labor intensive and time consuming, requiring NMR spectroscopy and/or MS-MS. Execution of NMR and MS-MS, in turn, demands highly specialized training, and complex instrumentation and is generally not available to a large number of biomedical research laboratories. LC-MS instruments with increased sensitivity to detect broad spectra of polar and nonpolar compounds in low abundances, such as TOFs, are also extremely costly. Nonetheless, because metabolites are obligatory intermediate or end products in cellular responses to environmental or disease insults, metabolomics should confer a key insight into these processes that is not possible by other means-for example, the establishment of biological networks and circuits that participate simultaneously in the ontogenesis of disease or toxic response based upon unbiased, comprehensive metabolite profiling.
Our long-term, future goal is to examine the prevalence of candidate biomarkers detected here in the serum of infants affected by neurodevelopmental disorders versus healthy individuals. Specifically, we intend to measure small molecules from the hES cell metabolome in the serum of infants diagnosed with birth defects related to antiepileptics; for instance, autism spectrum disorders and spina bifida (18) (19) (20) . The present study breaks new ground because it proposes a new paradigm for biomarker discovery using hES cells. hES cells are likely to provide robust mechanistic and diagnostic biomarkers in a timely manner in comparison to other cell-based models. Immortalized cells are often genetically modified and/or markedly different from endogenous counterparts; primary human cells, on the other hand, have a very short lifespan in vitro and are highly variable because they originate from cadaver tissue. The biomarkers discovered in hES cells and derived cell types, such as hNPs, following valproate exposure may also serve for prenatal screening-a well-established method to both predict and reduce the number of birth defects. Ultimately, biochemical pathways revealed by metabolomics of hES cells may provide new targets for the treatment of neurodevelopmental disorders. In addition, these pathways may reveal alternatives for prenatal dietary supplementation as a means to prevent or reduce the severity of valproate-related neurodevelopmental disorders; as is the case for folic acid and neural tube defects.
SUMMARY POINTS
• Small molecules from hES cells and hNPs are detected and identified by LC-ESI-TOF mass spectrometrybased metabolomics.
• The chemical identity of hundreds of metabolites detected in both hES cells and hNPs is still unknown.
• Exposure of hES cells to the antiepileptic valproate induces measurable and significant changes in the cellular metabolome.
• Small molecules in the kynurenine and glutamate metabolic pathways are upregulated in response to valproate in hES cells and hNPs and may serve as candidate biomarkers for developmental toxicity.
• Rate-limiting enzymes in the catabolism of tryptophan to kynurenine and serotonin synthesis from tryptophan are expressed in hES cells.
• Valproate treatment induces upregulation of TDO2, the rate-limiting enzyme that initiates the conversion of tryptophan to kynurenine. • Metabolomics of hES cells and derivatives may serve as a novel means to discover predictive biomarkers for efficacy and safety assessment of pharmaceuticals.
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